Anti-symmetrical laminate composites exhibit a coupling effect between tensile stress and twisting deformation, and are very attractive as blade materials for aircraft engines. Blades made of anti-symmetrical laminate composites can automatically adjust their stagger angle to a better aerodynamic configuration with changing rotational speed. Thus, the aerodynamic efficiency and stability of aircraft engines can be greatly improved. In this study, the coupled deformation properties of anti-symmetrical laminate composites were evaluated with tensile tests. Two kinds of specimens fabricated from carbon/epoxy laminate composites with different anti-symmetrical stacking sequences were tested. On the basis of the tensiletest results, the anti-symmetrical laminate composites were then used as blade materials. The coupled deformation of the test blades at high rotational speed was evaluated by spin tests and FEM analyses. It was demonstrated that test blades twisted about 4
Introduction
It is well known that anti-symmetrical laminate composites exhibit some coupling between tensile stress and twisting deformation. Anti-symmetrical laminate composites are promising for fan blade materials in aircraft engines owing to this coupling as well as their high strengthto-weight ratios. Thus, the coupling of tensile stress and deformation has been extensively studied (1) , (2) , and this characteristic has been usefully applied in rotor blades (3) . For best results, fan or compressor blades of aircraft engines have to be set at an optimal angle for air flow. However, blades must be fixed at whatever angle is best only with respect to rated rotational speed, due to structural constraints. If blades were able to change shape to suit the air flow, aerodynamic efficiency and stability of aircraft engines could be greatly improved. Blades fabricated with anti-symmetrical laminate composites can automatically adjust their stagger angle to achieve a better aerodynamic configuration in conformity with changes in axial force or rotational speed.
Preliminary FEM analyses were conducted on antisymmetrical laminate composite blades similar in shape to actual ones (4) , (5) . It was shown that the coupled deformation can serve the desired purpose.
In this paper, the coupled deformation of antisymmetrical laminate composites was evaluated with tensile tests. Two kinds of tensile-test specimens with different anti-symmetrical stacking sequences were tested. On the basis of the test results, three kinds of test blades with different anti-symmetrical stacking sequences were fabricated. The coupled deformation properties of the test blades at high rotational speed were evaluated by spin tests and FEM analyses.
Test Specimens and Blades
According to classical laminate composite theory, the relationship of in-plane force, N, twisting moment, M, and the resultant deformation is expressed as the following equation in matrix form, where δ and κ refer to in-plane and out-of-plane deformations, respectively.
The sub-matrix [B] expresses the coupling effect between in-plane force and out-of-plane deformation. For symmetrical laminate composites or isotropic materials, the coupling matrix is zero. That is, in-plane force and twist deformation are independent of each other. However, the coupling matrix is not zero for anti-symmetrical laminate composites and asymmetrical laminate compos- ites. Out-of-plane deformation can be caused by in-plane forces.
For the present tests, two kinds of test specimens were fabricated from carbon/epoxy laminate composites for tensile tests and three kinds for spin tests, with different anti-symmetrical stacking sequences.
The test specimens are shown in Fig. 1 . The length is 200 mm, width 40 mm, and thickness 2 mm. The stacking sequences of two specimens are given in Table 1 . The fiber orientation angle is defined as shown in Fig. 1 . It was difficult to fabricate specimens of anti-symmetrical laminate composites with the required shape because of the large thermal deformation during the autoclave molding process. The test specimens could, however, be fabricated by Table 2 Stacking sequences of test blades Table 3 Mechanical properties of prepreg Fig. 3 Tensile test the selection of a certain stacking sequence, as indicated in Table 1 , to reduce the thermal deformation during the autoclave molding process.
Test blades for the spin tests are shown in Fig. 2 . The blade height is 120 mm, width 40 mm. Each test blade has a dovetail in order to mount properly in the rotational arbor of the spin tester. The test blades have a pre-twisted angle of 10
• . The stacking sequences of three blades are listed in Table 2 . Blades TB1 and TB2 are 12-ply laminates, and TB3 is a 24-ply laminate. The thickness of TB1 and TB2 is 1.5 mm, and that of TB3 is 3 mm. The prepreg used for the test blades is Torayca T800/3631 from Toray Industries. The prepreg thickness is 0.125 mm. The mechanical properties of prepreg are given in Table 3 , where E L is Young's modulus in the spanwise direction, E T is Young's modulus in the orthogonal direction, G LT is the shear modulus, ν LT is Poisson's ratio, and ρ is the density.
Tensile Test
The tensile tests were conducted with the tensile tester as shown in Fig. 3 . The upper grip in the figure is fixed. However, since the lower grip has a bearing, the specimen can twist freely. The twist angle was evaluated by the displacement measured by a dial gauge mounted in the lower grip as shown in Fig. 3 . The tensile tests were conducted up to 1 200 N, corresponding to 24 MPa. The crosshead speed was 0.5 mm/min. Figure 4 shows the twist angle of test specimens. The twist angle increased in proportion to the tensile stress. The coupling between tensile stress and twisting deformation was successfully demonstrated by the tensile tests.
Spin Test and Analysis
The spin tests were conducted with a spin tester. The spin tester can be driven by an air turbine up to 100 000 rpm for test pieces of 10 kg. The test blades were set up in the spin tester as shown in Fig. 5 . Two test blades were mounted in order to balance the rotor. The tip-totip blade diameter was 430 mm. The rotor with test blades was inserted into the chamber of the spin tester. The chamber was evacuated to decrease air resistance.
A non-contact measurement technique using a multichannel optical fiber sensor developed specially for blade vibration measurements was used to measure the deformation of test blades at high rotational speed (7) , (8) . Figure 6 shows the measurement system for blade-tip deformation. A light beam from a halogen lamp is projected through optical fibers is projected to the blade tip. The light reflected by the blade tip is detected by an optical fiber sensor. The optical fiber sensor contains thirteen sensors of 2 mm in diameter in rows at 2.5 or 5 mm intervals, and is mounted Figure 8 shows the three-dimensional twisted deformation of three test blades rotating at 10 000 rpm evaluated with FEM analysis using software from MSC Software Corporation, MSC visualNastran for Windows. For the present study, the laminate composite blades were assumed to be constructed by bonding individual plies. The bond between plies was considered to be infinitesimally thin and to have no shear deformation (9) . The region beyond the dovetail was analyzed. The finite elements used were cells of about 2 mm mesh. The number of nodes and elements were 1 281 and 1 200, respectively. The nodes at the root of the blade were fixed as an analysis boundary condition. The out-of-plane displacement of TB1, as shown in Fig. 8 (a) , was about 2.6 mm at the blade tip, which is equivalent to 3.7
• . As shown in Fig. 8 (b) , TB2 twists 2.3
• . These FEM analysis results agree well with the test results shown in Fig. 7 . TB3 twists in the opposite direction from TB1 and TB2. The angle change of TB3 is 1.8
• , which is approximately half that of TB1 at 10 000 rpm. Thus, the test blades will twist in either direction depending on their anti-symmetrical stacking sequence. The twist angle change at the blade tip is shown in Fig. 9 . The symbols indicate the twist angle changes mea- Figure 10 shows the distributions of out-of-plane stress at the inward ply of TB1 at 10 000 rpm evaluated by FEM analysis. The stress level at the 1st ply shown in Fig. 10 (a) is notably low compared with the other inner plies. At the 2nd ply shown in Fig. 10 (b) , a large stress concentration of about 200 MPa is seen at the root of the blade. However, the stress level drops progressively in each subsequent ply, and the stress concentration disappears at the 6th ply, as shown in Fig. 10 (d) . This shows that improvement of the anti-symmetrical stacking sequence is required to moderate the stress concentration at the 2nd ply.
Conclusion
The coupled deformation of anti-symmetrical laminate composites was evaluated with tensile tests. Two carbon/epoxy laminate composite test specimens fabricated with different anti-symmetrical stacking sequences were tested. In addition, the anti-symmetrical laminate composites were used as blade materials. The coupled deformation of test blades at high rotational speeds was evaluated by spin tests and FEM analysis. The twist angle change increased in proportion to the square of the rotational speed, with a maximum angle change of about 4
• at 10 000 rpm. The FEM analysis agreed well with the spin test results. The three-dimensional deformation of the test blades could be obtained by FEM analyses. It was shown that an improvement in the anti-symmetrical stacking sequence is required to moderate the stress concentration at the inward plies.
